Abstract. Microstructural characterization of metal thin films includes measurement of grain size, crystallographic texture and misorientation angle across grain boundaries. All of these measurements can be made simultaneously by the use of electron backscatter diffraction (EBSD) in the scanning electron microscope. The use of EBSD measurements to characterize microstructure requires the collection and analysis of thousands of individual diffraction patterns, and the extraction of statistical quantities of interest from the data set. The results depend on the particular analytical procedures used. Since the grains in interconnect structures are often much smaller than those in bulk materials, the measurement and reporting protocols require adaptation of procedures developed for bulk materials. Here we demonstrate results from a specific procedure for collecting and analyzing EBSD data on electrodeposited copper films. We show that without careful controls, the apparent grain size can vary by a factor of two or more, and the time required to acquire the data can differ by hours. The demonstrated practical advantages of EBSD over previously available techniques and the severe effect of experimental parameters on the results support the need for standardization of the methods used for microstructural characterization by use of EBSD.
INTRODUCTION
The microstructure of the thin metal films used for chip-level interconnect structures, and its relationships to fabrication procedures and to rehability, has been a subject of ongoing research. Initially the efforts concentrated on aluminum films, but in the last decade, copper has replaced aluminum as the main chip-level interconnect material. The microstructural characterization of such thin films usually includes measurements of grain size and misorientation across grain boundaries, crystallographic texture or preferred orientation, and often the type and fraction of twins.
In most instances this characterization has involved the use of optical microscopy, X-ray diffractometry, and transmission and scaiming electron microscopy (TEM and SEM). Each has its strengths and weaknesses but the complete microcharacterization of a thin film usually required the use of more than one technique. With its present maturity, electron backscatter diffraction (EBSD) in the scanning electron microscope is now a powerful tool that can provide a complete microstructural analysis with only a few limitations. With EBSD one can obtain grain size, misorientation angles across grain boundaries, and direct analysis of textures. The most serious hmitation of EBSD is its hmited penetration depth, as demonstrated by the decrease in the quality of the diffraction patterns in the presence of a coating over the material of interest. Recent work by Zaefferer [1] suggests that the pattern quality of 15 kV diffraction patterns from crystalhne silicon is reduced by 50 % when a layer of amorphous chromium only 2 nm thick is deposited on the surface.
Lateral resolution is typically 10-50 nm in the direction parallel to the tilt axis (x), depending on the electron source and the atomic number of the material being studied. As the samples are typically tilted 70° with respect to the incident electron beam, the resolution in the y direction, perpendicular to the scan direction, is a factor of 3 poorer. Considering this alone, we conclude that the information volume under ideal conditions is on the order of 10 nm x 30 nm x 5 nm. More research is necessary to confirm these values, but they serve as a reasonable estimate for EBSD from a well prepared specimen tilted 70° in an SEM operated at 15 kV. This sampling volume is an excellent match to the nanoscale structural dimensions found in present-day interconnects. Various aspects of quantitative metallography using EBSD have been discussed in detail by Humphreys [2] ; this paper cites many of the classical papers in EBSD. The book by Schwartz, Kumar, and Adams [3] discusses both the fundamentals of EBSD and many different aspects of quantitative EBSD. The use of EBSD measurements to characterize microstructure requires the collection and analysis of thousands of individual diffraction patterns, and the extraction of statistical quantities of interest from the data set. Obviously, the results depend on the particular analytical procedures used.
There is strong precedent for the standardization of new procedures for microstructural characterization, since the measurement of grain sizes by optical techniques is the subject of a classic ASTM Standard, El 12. Several other ASTM standards exist for other quantities based on or related to grain size. An ASTM Work Item concerning the use of EBSD to measure grain size has been initiated; however, the present study is outside the scope of that work group. Among the issues involved in the determination grain size using EBSD are (a) what is the minimum number of pixels needed to define a grain and (b) what is the minimum number of grains that need to be measured. Experimentally this involves determining the area to be analyzed and the step size to be used. Equally important is the choice of parameters imposed on the diffraction pattern analysis software, in particular, what values should be used for the Hough transform, which is used to compute the crystallographic parameters for each pattern. Finally, how should the grain size be extracted from the diffraction data.
The purpose of this paper is to present examples illustrating the influence of various experimental and software parameters on the measurement of grain size. We also discuss twinning, misorientation angle between grains, and the experimental evaluation of preferred orientation or texture of thin metal films and point out where standardization is needed.
typically 70° relative to the electron beam direction. Large samples can interfere with the pole pieces and even with the EBSD camera.
We used an SEM equipped with a thermally assisted field emission gun, a sample working distance of 13-15 mm, an operating voltage of 10-30 kV, and a sample current of 500-1000 pA, as measured by a sample current monitor and a Faraday cup. These SEM conditions allowed EBSD patterns to be processed at 25-50 points per second (pps). A commercially available EBSD camera and software were used to collect and process the diffraction data. [4] recommends that the scanned area should contain at least 50 grains. Following ASTM E1382, Wright [5] calculated that the minimum sized grain in a digital image should have a diameter of 11.4 pixels and an equivalent circular area of 102 pixels. Contending that 11.4 pixels is probably higher than necessary for EBSD mapping, he showed that the average grain size is relatively constant for minimum grain diameters between 3 and 20 pixels, and suggested that (a) a minimum grain size of 10 pixels be used, and (b) the average pixels per grain, ppg, be about 500.
EXPERIMENTAL PROCEDURE ASTM E 1382: Standard Test Methods for Determining Average Grain Size Using Semi Automatic and Automatic Image Analysis
It is important to obtain an initial estimate of the grain size in the material in order to choose an effective and efficient scan density for the actual grain size measurement. This estimate of grain size can be obtained using either backscatter electron (BSE) or secondary electron (SE) imaging in the SEM; but it is often very difficult to observe well defined grains by either of these methods. Consider Fig. 1 as an example where SE imaging provides little information about grains. Alternatively, we have found that a moderate quality EBSD map serves quite well to define the grains and can usually be obtained in less than 60 seconds.
SPECIMENS AND APPARATUS RESULTS AND DISCUSSION
The materials used for this study consisted of blanket films of electrodeposited (ED) copper. The specimen structure comprised a sihcon substrate, a 200 nm TaN barrier layer, a 25 nm Cu seed layer, and 580 nm of ED copper. These values were obtained from SEM observations of fractured cross-sections. As the films were freshly deposited, no further surface preparation was necessary for EBSD analysis. Specimen size for EBSD is generally restricted to about 25 mm in diameter due to the high tilt required.
In the film analyzed here we considered that the grain diameters should be near 500 nm for a 500 nm thick film. Accordingly, we estimated that a 5 x 5 \m^ EBSD map would provide a sufficient number of grains for the initial estimate of grain size. In this case we used 100 nm steps at 49 pps, which in less than 60 seconds produced a map with 2929 points and yielded a mean grain size of ~ 560 nm diameter. As expected, the grain size obtained with a step size that is a few FIGURE 1. SEM image (left) and EBSD map of the same region on the ED copper fikn specimen. The colors within the grains indicate the surface-normal crystallographic orientation of each pixel, according to the key in the stereographic triangle insert.
times larger than the expected value will usually be in error on the large side, but the value does confirm that our initial estimate of a 500 nm grain size was not too far off. Smaller step sizes with more points are used in the final measurements, as discussed below.
An SE image from the tilted copper film and an EBSD map from the same area are shown in Fig. 1 . It is difficult to define grains in the SE image, but the EBSD map does show the grain structure very clearly. Analysis showed that a large fraction of the grains have 60° coherent twin boundaries internally.
Analysis of 46,085 points in a 10 x 10 |j,m^ map collected in 15.6 minutes with 50 nm steps determined the average number of ppg to be 157 ± 286, for 183 non-edge grains, after minimal clean-up. Clean-up of data refers to the treatment of pixels that are incorrectly indexed or not indexed at all. This can happen (a) when multiple diffraction patterns are superposed because the scattering volume overlaps crystal lattices in adjacent grains, (b) when there is insufficient S/N in the pattern, or (c) as the result of scattering caused by uneven surface topography. Clean-up may be used either to join adjacent pixels that are indexed differently or to exclude all such pixels from subsequent analysis. We prefer to use a modified form of the latter.
Using the average number of 157 ppg, the average grain diameter was calculated to be 527 ± 393 nm. Since the average number of ppg is less than the desired 500, another EBSD map was made over the same area using smaller steps.
Here a 10 x 10 |im map with 184,569 points at 25 nm steps took 62 minutes. Analysis of these data gave an average ppg of 396 ± 886 for 253 grains, with an average diameter of 380 ± 359 nm. The large standard deviations given here follow when the data is analyzed assuming a normal distribution of grain diameters rather than a log-normal distribution. The average of 396 ppg is closer to satisfying the recommendations of ASTM E 1382, but is still not the recommended 500 ppg. Adjusting the minimum number of ppg to be 20, which eliminated some of the small questionable grains from the averaging process and yielded the best fit to a log-normal distribution, we obtained 197 nonedge grains with an average of 505 ± 998 ppg and an average diameter of 462 ± 368 nm. If the average value for points per grain is very different from the suggested value of 500 ppg, additional data collection at a smaller step size is recommended. Additionally, the grain size distribution should be examined to determine whether it is sufficiently log-normal.
In normal high-speed EBSD mapping the accuracy of the measurement of the angular orientation of individual pixels is usually no less than 1°. Thus grain boundary misorientation angles are usually given for angles greater than 1°. For recrystalhzed materials, the point to point misorientation across a grain is nominally less than 1°, as is the case shown in Fig. 2 . In this figure, two major peaks in the misorientation appear at 39° and 60°. The boundary at 39° corresponds to a twin boundary around <IIO>, common in secondary recrystallization; and the boundary at 60° corresponds FIGURE 2. Inverse pole figure, IPF, map of a 5x5 | xm region of the ED film following the color key in Fig. 1 . The upper graph is a plot of point-to-point misorientation on trace AB, and shows that misorientations are significant at the grain boundaries and negligible elsewhere. The lower graph shows that misorientation angles > 5° from the whole map are grouped at 60° and 39°.
to a twin boundary around <111>, which occurs in primary recrystalhzation. Twin boundary fractions were computed after the grain boundaries were defined for all boundaries where the misorientation angle between neighboring pixels was greater than 5° and where each neighboring grain contained more than 10 pixels. The parentdaughter twin fraction may be determined and may or may not be included in the grain size determination.
Texture, or preferred orientation, is the final characteristic that we will discuss. Most commonly. X-ray diffractometry (XRD) is used to provide this measurement, which is presented in the form of lowindex (hkl) pole-figures or more complex orientation distribution functions (ODF). However, collecting the XRD data is usually very labor-intensive relative to EBSD. Also, X-ray pole-figures have no positional information relating to the misorientation, or grain boundaries, between individual grains. A comprehensive study comparing XRD and EBSD for texture measurement [6] concluded that for the moderately textured and fine-grained materials studied here, EBSD analysis of a minimum of 10,000 or more grains provides a texture characterization equivalent to that obtained by XRD procedures. It is important to emphasize, however, that the orientations of at least 10,000 grains, not just 10,000 pixels, are required. which means that data for more than 100,000 pixels might be necessary. To obtain such data from at least 10,000 grains in thin films we typically map a 200 x 200 |j,m^ area with a step size of 500 rmi. Fig. 3 shows typical results obtained at 49 pps in 75 minutes with data for 181,150 good pixels. Analysis of the data gave 11,292 grains, with an average of 10.7 pixels per grain. Note that no clean-up which combines pixels should be used in texture analysis.
The representation of texture from EBSD data may be in the form of a pole figure or ODF similar to that obtained from XRD. Possibly of more significance is the capability of displaying the positional distribution of orientations. This can be seen in Fig. 3a , where the orientation of each pixel normal to the specimen surface is indicated by the colors in the inserted triangle. Figure 3b displays a (111) pole figure similar to that obtained by XRD. The raw data obtained in EBSD can be used to calculate the "volume" fractions of specific texture components by use of inverse pole figures, IPF, shown in Figs. 3c and d , which show the orientations of each pixel normal to the specimen surface. In Fig. 3c , the data are represented as a contour map, and in 3d the blue colored pixels show the pixels aligned within 10° of the (III) pole and the red within 10° of the (001) pole. The relative fractions included are 0.36 and O.IO, respectively. 
Programs is gratefully
We have illustrated some of the capabilities of EBSD to characterize the microstructure of thin metal films and pointed out the procedural options for acquiring EBSD data following estabhshed ASTM guidelines. A set of standard procedures for choosing among the various options still needs to be implemented that will provide rehable measures of grain size, grain boundary character, and texture.
